To examine differences in cytokine profiles that may confer tolerance/susceptibility to bovine African trypanosomiasis, N'Dama (trypanotolerant, n = 8) and Boran (trypanosusceptible, n = 8) cattle were experimentally challenged with Trypanosoma congolense. Blood samples were collected over a 34 day period and RNA was extracted from peripheral blood mononuclear cells (PBMC). The expression levels of a panel of 14 cytokines were profiled over the time course of infection and between breeds.
INTRODUCTION
Bovine African trypanosomiasis or 'nagana' is a wasting disease that affects cattle populations across much of central Africa. The disease is caused by the protozoan parasites Trypanosoma congolense, T. vivax and T. brucei brucei and is transmitted in the saliva of biting tsetse flies (Glossina spp.). When an infected tseste fly bites a mammalian host and deposits metacyclic forms of the parasite at the site of inoculation, a raised inflammatory swelling called a chancre develops within a few days that precedes parasitemia and other clinical signs (1) . Thereafter, metacyclics differentiate into bloodstream forms, migrate to the bloodstream and cause systemic infection (34). Parasitemia, detected in the peripheral blood, is usually apparent 1-3 weeks later and may persist in waves for many months with fever occurring intermittently (14) . From the period when parasitemia is first detected there is a rapid decrease in hematological parameters. Major clinical signs in ruminants include anemia (6, 30), lymphoid enlargement, lethargy and loss of condition with progression of the disease. Marked immunosuppression is usually observed with reduced host resistance to secondary infections (7).
Typically, this disease is chronic extending over many months and fatal if untreated (14) .
The scale of this problem is immense, indeed the tsetse belt of Sub-Saharan African, where the disease is endemic and a major constraint to livestock production, covers 37 countries and an area of approximately 10 million km 2 . In many parts of Africa cattle are a vital source of income, particularly for smallholder farmers, and the annual cost of bovine trypanosomiasis to African agriculture has been estimated at US$ 1 billion per annum (21). However, over thousands of years, and presumably under high tsetse challenge, certain West African Bos taurus cattle populations have evolved tolerance to trypanosomiasis (31). One of the best characterized trypanotolerant breeds is the N'Dama and this cattle population represents both a unique genetic resource for African cattle agriculture and an important model to understand mechanisms of trypanotolerance (29). In contrast, zebu populations (Bos indicus) tend to be susceptible and generally can only be maintained through the use of costly trypanocidal drugs. The well characterized trypanosusceptible East African Boran breed has been used as a model of trypanosusceptibility for many previous studies (44).
The profound susceptibility of many breeds of cattle to trypanosomiasis is easily understood when the complexity of the host-parasite relationship itself is considered. T. congolense is a unicellular extracellular motile parasite with a specific preference for the peripheral vasculature, where it is found either free swimming or attached via its anterior end to endothelial cells. The parasite is completely exposed to the host's immune system and yet, in many instances survives to proliferate, resulting in characteristic waves of parasitemia (for review see reference 26). The array of host evasion mechanisms are complex (for review see reference 9) and include the well-known phenomenon of antigenic variation of the variable surface glycoprotein [VSG] (2, 4, 8) . In this regard, successful switching of the antigenic coat of the trypanosome plays a key role in avoidance of the host immune system. Despite the battery of tactics utilized by the parasite to evade detection and destruction, the superior response of N'Dama cattle has allowed these animals to survive and be productive in areas of tsetse challenge without the use of trypanocidal drugs (33). It is important, however, to acknowledge that N'Dama and Boran cattle are equally susceptible to the initial infection; however once infected, the N'Dama have a superior capacity to control parasite proliferation, control anemia and maintain body weight (43).
Although the mechanisms of trypanotolerance employed by trypanotolerant N'Dama cattle are still poorly understood, research efforts have focused on elucidating the enhanced control of parasitemia and anemia. For example, a haemopoietic chimera twin study reported that control of parasitemia was independent of the haemopoietic system, while control of anemia was dependent on the same system (36). In addition, T cell depletion studies suggested that both parasitemia and anemia were independent of T cells and antibody (38, 47). Overall, there appears to be two independent mechanisms, an innate control of parasite growth and control of anemia involving the haemopoietic system.
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The cytokine environment and changes in the T H 1/ T H 2 cytokine balance can influence disease progression in infected animals. Indeed, responses have been measured in an effort to understand their role in trypanotolerance and trypanosusceptibility (23, 27, 52). In particular, a study by Mertens and colleagues examined the profiles of a number of cytokines in PBMC from infected N'Dama and Boran cattle and suggested a possible protective role for the IL-4 protein (27). Due to the accessibility of mouse models and the prohibitive cost of bovine challenge experiments, a large number of these studies in recent years have been based on the murine immune response to trypanosome infection (20, 40, 50). It has been shown in the mouse model that survival requires a T H 1 cytokine environment and classical macrophage activation in the early stage of infection allowing the mice to control the first peak of parasitemia. Subsequently, a switch to the T H 2 cytokine environment and alternatively activated macrophages during the chronic/late stages of the disease appears to be beneficial for survival, probably because the inflammatory, parasite-controlling response is harmful to the host (2).
However, caution should be exercised when extrapolating findings from these studies and applying them to the bovine model (34), where more work is needed to determine whether similar mechanisms to the murine model are at play. In terms of work carried out in cattle, some studies have focused specifically on lymph node cells (25). However, the immune response to bovine trypanosomiasis is highly compartmentalized and the response in lymph node cells can be considerably different to that in PBMC. It is difficult to generalize cytokine profiles based on a small number of studies considering the inherent variability in experimental design in terms of animals, parasite clone, and infection protocol including the dosage and time points examined. Consequently, the present study aims to improve our understanding of the bovine immune response, and in particular the cytokine response of PBMC to T.
congolense infection-building on previous transcriptional profiling work carried out with susceptible Boran (17). A panel of cytokines, chosen to characterize the presence of either a T H 1-or T H 2-type cytokine environment, was used for this purpose. 
MATERIALS AND METHODS

RESULTS
Parasitemia and PCV.
Trypanosomes were detected in the peripheral blood of all animals experimentally infected in this study by 12-15 dpi, with peaks of the first wave of parasitemia occurring at 15-22 dpi. The mean PCVs for both the N'Dama and Boran groups fell from 38.1% and 37.8% respectively at 8 dpi to 28.7% and 28.4% at 22 dpi with a marked reduction from 12 dpi onwards, when trypanosomes first appeared in peripheral blood. Between 12-22 dpi there were similar rates of PCV decline in both breeds. In the period between 22 dpi to 35 dpi the rate of PCV decline in N'Dama was slower than for Boran, with a mean minimum PCV measurement of 24.8 ± 3.2% at 29 dpi in N'Dama and 19.9 ± 4% at 32 dpi in Boran.
PBMC cell subset analyses. The fluctuations in cell subsets that were measured within breeds used pre-infection values (and not uninfected controls) to determine 'unchallenged variation' and this must be taken into account when assessing the significance of the variation measured after infection. dpi. There were modest differences in CD4 + T cells in Boran compared to N'Dama at 21 and 25 dpi (P = 0.045 and P = 0.035 respectively, higher in Boran). There were no significant differences in CD8 + T cells between the two groups at 0, 14 and 29 dpi; however there were significant differences at 21, 25
and 34 dpi (P = 0.015, P = 0.024 and P = 0.028 respectively, higher in Boran). There were no significant differences in either γδ T cells or B cells between the two groups at any of the time points.
qRT-PCR reference gene analyses. before infection, these graphs represent changes within a particular breed over time, while significant differences between the breeds are represented in Table 2 . The list of cytokines represented in Table 2 excludes cytokines with no significant difference between the breeds at any time point measured. Using the 2 -ΔΔCT method of data analysis, the mean fold change at time zero should be very close to one (since A continued trend of IL2, IL8 and IL1RN downregulation at 25 dpi compared to pre-infection values was observed. There were significant differences between N'Dama and Boran at 25 dpi in the expression levels of the LTA, IL10 and TGFB1 genes. LTA was 4.5 fold higher in N'Dama compared to Boran (P = 0.006) and TGFB1 was also higher in N'Dama compared to Boran (5.9 fold, P = 0.037).
While Boran had higher levels of the IL10 transcript (2.1 fold, P = 0.008).
Differences in the expression levels of the IL10, IL6, TGFB1 and IL4 genes were detected at 29 dpi between N'Dama and Boran. In each case, the levels of expression were higher in the susceptible Boran (IL10, 1.7 fold, P = 0.047; IL6, 5.4 fold, P =0.030; TGFB1, 2.1 fold, P = 0.056; and IL4, 3.6 fold P = 0.020). Again there was a continued trend of downregulation for the IL1RN, IL2 and IL8 genes, which continued through 34 dpi. The largest significant difference between N'Dama and Boran at 34 dpi was in IL6 gene expression with a 7.1 fold higher level in Boran compared to N'Dama (P = 0.010).
DISCUSSION
The study of the bovine immune response to T. congolense infection is more meaningfully congolense infected N'Dama and Boran animals, a decrease in the IL2 transcript, particularly at 21 dpi was reported in both groups and no significant difference was detected between the breeds (27). These data are in agreement with our observations in the present study, although we observed a slightly larger decrease in the Boran. However, the same study also reported an increase in IL4 production in N'Dama at 32 dpi and it was hypothesized that this might play a protective role in infection (27). In the present study we initially observed a decrease in IL4 gene expression at 21 dpi in both breeds, which is in concordance with the previous work; however, we observed no increase in IL4 expression in either breed at 29 or 34 dpi. This may be due to subtle differences in the experimental setup or may even reflect slightly different time courses, such that we may have observed an upregulation of IL4 gene expression if PBMC samples had been collected after 34 dpi. The decrease in IL8 gene expression represented the most profound change in gene expression of any of the cytokines in this study and was similar in both breeds until 34 dpi. The decrease may reflect a switch to a more predominant T H 2-type response or have a more specific undefined role (to the best of our knowledge, there are no published reports of the suppression of IL-8 production in trypanosome-infected cattle).
The gene expression profiles of the IL6 and IL10 genes showed a pattern of upregulation relative to pre-infection between 14-21 dpi, followed thereafter by a decrease in expression. Maximal levels of IL6 transcript were reached at 21 dpi in both breeds, after which levels decrease but still remained high relative to pre-infection levels. Increased expression of the IL6 transcript from PBMC of infected cattle has been reported for both N'Dama and Boran animals (27). In that study, a disease-promoting role for IL-6 was suggested and in the present study the significantly higher levels of IL6 transcript in Boran were detected in both breeds, the study suggested that IL10 gene expression was not associated with trypanotolerance. In our study, we have also observed a parallel increase in IL10 mRNA transcription for both the N'Dama and Boran animals; however, there are differences, both quantitatively and temporally between the two breeds. After 14 dpi the increase in IL10 gene expression in Boran, reaching maximal levels at 21 dpi (4.3 fold higher in Boran), was greater than that observed for the N'Dama animals.
By day 21, the time of peak parasitemia, we detected for both breeds a trend toward T H 2 responses, but this was much more obvious for the Boran, with increased levels of the IL6 and IL10
transcripts. This trend towards alternative macrophage activation is not expected to facilitate clearance of the trypanosomes in the Boran animals, particularly at a time when parasite numbers reach a peak.
N'Dama (35). It has been shown in a mouse model that classically activated macrophages may be beneficial for parasite clearance; however, at the same time, it was also shown that they could contribute to pathology (2) . A switch to alternatively activated macrophages during chronic stages of the disease appears to be beneficial for survival, probably because the inflammatory parasitecontrolling response is harmful to the host (2) . Further studies on isolated cell populations and knowledge of the parasite triggers and genetic components that lead to particular activation patterns in macrophages and T cells, would allow us to understand and perhaps interfere with an ineffective response in susceptible animals. 
